Following heart transplantation, alloimmune responses can cause graft rejection by damaging donor vascular and parenchymal cells. However, it remains unclear whether cardiomyocytes are also directly killed by immune cells. Here, we used two-photon microscopy to investigate how graft-specific effector CD8 + T cells interact with cardiomyocytes in a mouse heart transplantation model. Surprisingly, we observed that CD8 + T cells are completely impaired in killing cardiomyocytes. Even after virus-mediated preactivation, antigen-specific CD8 + T cells largely fail to lyse these cells although both cell types engage in dynamic interactions. Furthermore, we established a two-photon microscopy-based assay using intact myocardium to determine the susceptibility of cardiomyocytes to undergo apoptosis. This feature, also known as mitochondrial priming reveals an unexpected weak predisposition of cardiomyocytes to undergo apoptosis in situ. These observations together with the early exhaustion phenotype of graft-infiltrating specific T cells provide an explanation why cardiomyocytes are largely protected from direct CD8 + T-cell-mediated killing.
Introduction
Allograft rejection is a result of innate and adaptive immune responses against the transplanted tissue. In general, T cells are believed to be central to this process, with CD8 + cytotoxic T cells (CTLs) substantially contributing to acute rejection as well as chronic allograft vasculopathy [1, 2] . Following heart Recent advances in imaging techniques provide new tools to study the process of graft rejection and to further understand the complexity of the immune response during rejection [4] . In an ear skin transplantation model, the CTLs activity toward graft cells were recently visualized by two-photon microscopy (TPM), providing insights into the spatiotemporal regulation of immune cell dynamic migration and function post transplantation (p.t.) [5] . However, CTL migration and killing in the heart graft during rejection has not been reported.
Target cell apoptosis is one possible outcome of CTL-mediated attack [6] . However, it remains unknown how easily apoptosis can be induced in different heart graft parenchymal cells. Importantly, different cell types might differ in their susceptibility to undergo apoptosis [7, 8] . So far, the relative efficiency of pro-apoptotic signaling in cardiomyocytes has not been determined in situ.
In the present study, we used a mouse ovalbumin (OVA)-heart transplantation model to investigate the killing capacity of graftspecific CTLs. Using two-photon microscopy (TPM), we found that graft-specific CTLs could infiltrate the graft myocardium and locally migrate and contact cardiomyocytes. However, CTLs possessed an early exhaustion phenotype with high expression of PD-1 and were neither able to kill OVA-expressing CMs in vivo nor peptide-pulsed targets ex vivo. Even following virus-mediated preactivation, graft-infiltrating CTLs did not rapidly lyse CMs, despite antigen-dependent contact formation. Furthermore, we established a novel TPM-based assay using intact myocardium to determine the level of pro-apoptotic signaling of CMs, revealing that the balance between pro-and anti-apoptotic proteins in CMs is highly in favor of anti-apoptotic factors rendering these cells highly resistant to CTL-induced killing.
Results

Antigen-specific CD8
+ and CD4 + T cells cooperate to trigger early rejection of murine heart grafts To investigate T-cell-mediated immune responses that lead to allograft rejection, we applied a mouse OVA-heart transplantation (HTx) model together with adoptively transferred OVA-specific T cells. Hearts from transgenic C57BL/6 mice that systemically express OVA [9] were transplanted into C57BL/6 (wild-type, WT) recipients one day after T cells transfer (Fig. 1A ). In agreement with earlier observations [9, 10] , rejection of heart grafts requires both antigen-specific CD8 + (OT-1) and CD4 + (OT-2) T cells (Fig. 1B) . Therefore we always transferred both OT-1 and OT-2 cells to all recipients throughout this study. Notably, we found a rapid increase of OT-1 T-cell frequencies and numbers during the first 4-7 days p.t., followed by a gradual decrease ( Fig. 1C and D) , allowing us to study the CTL activities in vivo. In contrast, OT-2 T cells neither proliferated nor infiltrated as efficiently as OT-1 T cells ( Fig. 1C and D) .
To allow visualization of CTLs and CMs, we transferred GFP + OT-1 and nonfluorescent OT-2 cells, and used donor hearts that in addition to OVA also expressed CFP under the chicken actin promotor (CFP-OVA hearts). Control CFP + grafts (not expressing OVA) appeared normal, lacked any OT-1 T-cell infiltration, or other overt pathological changes ( Fig. 2A, top panel left) . In contrast, as early as 4 days p.t., the OVA-expressing transplants were infiltrated by immune cells. The significant loss of intact CMs, as indicated by lack of CFP + cells, became apparent from day 7 p.t. on ( Fig. 2A) . Early during rejection, damaged CM were found at circumscribed lesions ( Fig. 2A , bottom panel) that were often associated with the epicardium, resembling the endocardial "Quilty" lesions in human heart transplantation pathology [11] and around larger myocardial blood vessels [12] . Furthermore, histology revealed severe vascular inflammation and endothelial damage, characterized by perivascular and intraluminal infiltration of immune cells ( Fig. 2B and C) , which is known to be associated with thrombus formation and vessel occlusion that could lead to ischemic infarction and subsequently death of CMs [13, 14] . Importantly, we found graft CMs express MHC I (Fig. 2D) , which might facilitate the recognition of graft-specific CTLs. Detailed analysis revealed a massive infiltration of OT-1 cells as well as CD11b + and CD11c + cells next to damaged or disrupted CMs ( Fig. 2E and F) .
Graft-specific effector CD8 + T cells in the heart cannot rapidly kill cardiomyocytes
We next applied TPM to characterize cellular migration dynamics and killing capacity of effector OT-1 T cells present in the heart graft. From the explanted hearts, the apex or a defined region of the anterosuperior right ventricle were placed in a custom build imaging chamber and superfused with oxygenated medium at 37°C. This imaging setup has previously been described for two-photon microscopy of lung sections [15] . Control CFP-heart transplants (not expressing OVA) were devoid of infiltrating OT-1 T cells, showed a regular morphology of CMs, and showed only fine CFP − interstitial spaces (Fig. 3A, left panel) . During prolonged TPM (1-2.5 h movies), these CMs stayed intact and showed little spontaneous contractility (Fig. 3A , left panel and Supporting Information Movie 1).
In contrast, as early as 4 days (data not shown) and 7 days p.t. of CFP-OVA hearts, massive local accumulations of OT-1 T cells were observed (Fig. 3A , middle panel and Supporting Information Movie 2). OT-1 T cells were present beneath the epicardial surface and between CFP + CMs. We found that antigen-specific effector OT-1 T cells showed a random walk-like migration with a relatively low average migration speed (6.48 μm/min) at day 4, increasing to approximately 10 μm/min at day 7 and day 12, both accompanied by consistent high track straightness (Fig. 3B) . Importantly, killing of CMs, evidenced by loss of CFP signal (Fig. 3A , right panel and Supporting Information Movie 2), was observed only in three CMs in 25 movies analyzed (with a cumulative observation time of 42.5 h), demonstrating overall fast T-cell migration but low cytotoxic activity of graft infiltrating effector OT-1 CD8 + T cells.
To quantify the loss of CMs during rejection, we applied surface rendering of the CFP + CMs within a standard imaging region sized 400 × 400 × 80 μm 3 (Supporting Information Fig. 1 ). Prior to
HTx, approximately 40% of these imaging regions contained CFP + voxels (Fig. 3C, day 0) . This was reduced to 17.7% at day 4 and to 1.62% at day 12 p.t. (Fig. 3C ). As expected, the percentage of CFP + voxels did not change significantly in the OVA-negative CFP control grafts (Fig. 3C) . Notably, we found that the percentage of CFP + voxels correlated with the number of GFP + effector OT-1 T cells present in the same volume (Fig. 3D ). To address how frequently CMs undergo apoptosis during rejection, heart grafts were stained using the TdT-mediated dUTPbiotin nick end labeling (TUNEL) assay to visualize and quantify TUNEL + nuclei with fragmented DNA, a hallmark of apoptosis. As expected, in DNase I-treated positive control sections, all nuclei were TUNEL positive (Fig. 3E ). In contrast, hardly any CMs were TUNEL + in untreated WT hearts (Fig. 3E ). In the heart grafts, we observed some TUNEL + nuclei. However, these nuclei were not located inside CMs but rather appear to represent TUNEL + graft-infiltrating cells (Fig. 3E ). Overall, we found that the density of TUNEL + CMs in the transplanted hearts was very low and not significantly different from WT hearts (Fig. 3F ). Despite the presence of high numbers of effector T cells CM cell death was rarely observed by both TUNEL assay as well as TPM. Thus, taken together our data suggest that effector T cells are not fully functional and/or that CMs are rather resistant to effector CD8 + T cellinduced cell death.
Virus-mediated preactivation of CD8 + T cells induces hyperacute antigen-specific graft rejection
To address whether the low killing efficiency of effector OT-1 T cells is associated with the improper priming of T cells post HTx, we next designed an experimental system in which fully primed effector CD8
+ T cells were present in the recipient prior to HTx (Fig. 4A ). To this end, OT-1 and OT-2 T cells were transferred into recipients that received 3 days prior to transplantation (day -3) the poxvirus-modified vaccinia virus Ankara (MVA; 10 6 PFU i.p.) or a genetically engineered MVA strain that also encoded OVA (MVA-OVA). Immunization with MVA-OVA has been shown to elicit robust antigen-specific cellular immune responses and to fully activate naive OT-1 T cells [15] . Accordingly, at the day of transplantation, most MVA-OVA-primed effector OT-1 cells showed an activated CD44 + CD62L − phenotype (Fig. 4B ). In the MVA-OVA as well as in an OVA plus poly(I:C) priming model, extremely rapid rejection of CFP-OVA hearts was observed (Fig. 4C ). To address a potential role of OVA-specific antibodies in rapid graft rejection, we also immunized μMT mice that lack B cells with MVA-OVA and observed that such recipients also rapidly rejected grafts (Fig. 4C ). Histological analysis of CFP-OVA grafts of MVA-OVA immunized recipients revealed diffuse interstitial edema, hemorrhage, and perivascular infiltrates at day 1 (Fig. 4D, left) , followed by severe thrombosis at day 2 ( Fig. 4D, middle) . As expected, limited damage with perivascular infiltrates was found in CFP-OVA grafts from recipients immunized with MVA (Fig. 4D, right) . These observations suggest that virus-primed OT-1 cell-induced damage of endothelial cells leads to vascular occlusion causing hypoxic cell death of CMs.
Virus-mediated activation of CD8+ T cells enhance antigen-specific contact-dependent lysis of CMs
To observe the behavior of virus-activated CTLs in the graft by TPM, we explanted grafts from MVA-OVA-immunized recipients at day 1, when most CMs were still intact at the start of imaging. Following immunization with MVA-OVA, graft-infiltrating OT-1 effector T cells showed a confined migratory behavior and formed long lasting contacts with CFP-OVA-expressing CMs (Fig. 4E-G) . In contrast, OVA-negative hearts were infiltrated by only few OT-1 T cells showing straight and quick migration ( show that virus-activated, graft-specific CTLs can rapidly home to transplanted hearts, make contacts, and attach to antigenexpressing CMs. The higher contact formation probability of MVA-OVA preactivated OT-1 effector T cells translated into an increased number of observed killing-events ( Fig. 4H and I, and Supporting Information Movie 3). CTL-mediated killing efficiency was quantified by automatically determining T-cell numbers over time and manual counting the number of killed CMs per movie. Only in case of CFP-OVA HTx with prior MVA-OVA immunization a median killing rate > 0 could be determined (Fig. 4H) .Taking the number of specific CTLs present during killing into account, we calculated a median killing rate of 0.67 CMs killed /T cell/24 h in mice preimmunized with MVA-OVA receiving CFP-OVA hearts (Fig. 4I) . We tested multiple time points following transplantation and observed comparable CTL killing rates (data not shown). Thus, even following full CTL priming by prior vaccination, CTLmediated killing of antigen-presenting cardiomyocytes appears to be less efficient than previously thought.
Graft-specific effector CD8
+ T cells primed by the grafted heart show an early exhaustion phenotype For functional and phenotypic characterization, OT-1 T cells were harvested from OVA HTx recipients, while effector OT-1 T cells from mice immunized with MVA-OVA were used as control. Strikingly, OT-1 T cells isolated from HTx recipients, but not of those immunized with MVA-OVA, expressed the exhaustion markers PD-1, Tim-3, and LAG-3 (Supporting Information Fig. 2A and B, and Fig. 5A and B) . KLRG1 was only expressed following MVA-OVA priming while CD137 (4-1BB) was not detected in both setups (Supporting Information Fig. 2C and D) .
Significantly less OT-1 T cells producing TNF-α were found in OVA HTx recipients than in mice primed with MVA-OVA (Fig. 5C ) while IFN-γ production was intact in both groups (Fig. 5D) . Notably, PD-L1 was expressed by both CMs and infiltrating cells in the graft (Fig. 5E ). Thus, already 1 week after transplantation CTLs activated by antigen present in the transplanted heart show an exhaustion phenotype [16, 17] with high expression of negative regulatory surface proteins but still intact IFN-γ secretion.
To functionally test CTL-mediated killing, we isolated OT-1 T cells from OVA HTx-or MVA-OVA-primed recipients and cultured them with SIINFEKL peptide-loaded or unloaded EL4 tumor cells in vitro. OT-1 T cells primed by OVA HTx showed little antigenspecific killing activity (Fig. 5F ) while MVA-OVA primed T cells robustly killed SIINFEKL-loaded EL4 cells (Fig. 5G) . The same effect was observed for peptide-loaded RMA target cells (data not shown). Notably, OT-1 T cells activated by OVA HTx failed to significantly upregulate CD69, an early T-cell activation marker, following exposure to peptide-loaded targets (Fig. 5H and J) while MVA-OVA primed T cells showed a massive upregulation of this activation marker (Fig. 5I and K) . Taken together, these data suggest that cytotoxic T cells are already largely exhausted 1 week after transplantation inside the graft and show low direct killing activity.
Cardiomyocytes show low mitochondrial priming and resist CTL and ABT-737-induced apoptosis
Compared to the rapid killing of peptide-loaded B cells reported earlier [18] , CMs seem to be highly resistant to CTL-mediated killing even when virus-activated CTLs serve as effectors (Fig. 4H  and I) . To compare the killing efficiency of virus-activated CTLs toward CMs and B cells, we transferred fluorescent-labeled B cells from WT and OVA mice at 1:1 ratio into μMT recipients that had been immunized with MVA-OVA 4-5 day earlier. After 60-120 min, recipients were sacrificed and the frequency of the transferred B cells and OT-1 T cells were determined in the spleen. Based on these data, we calculated a median killing rate of 22.4 ± 10.8 B cells killed per T cell per day, which is more than 33-fold higher than the killing rate of CMs (Fig. 6A ). These findings indicate that CMs are highly resistant to attacks of effector CD8 + T cells.
Since mitochondria are known to play an important role in cytotoxic T lymphocyte-induced cell death [19] , we further characterized these compartments in B cells and CMs asking whether the state of mitochondrial priming might be different in these cell types. Using the fluorescent dye MitoTracker, we found that CMs possess approximately 100-fold more mitochondrial volume than B cells (Fig. 6B) . To determine the state of mitochondrial priming of CMs, intact myocardium was stained with mitochondrial potential-indicating dye JC-1 and exposed to the pro-apoptotic, cell-permeable BH3-mimetic, ABT-737. This compound binds to and thereby neutralizes the anti-apoptotic proteins Bcl-2, Bcl-XL, and Bcl-w [20] . As a positive control, the depolarizing compound FCCP was used (Fig. 6C) . By TPM we observed that CMs in the intact myocardium hardly lost any mitochondrial potential over time, as revealed by constant red fluorescence of JC-1, when incubated with DMSO ( Fig. 6C ; negative control) or with either 1, 10, or 50 μM ABT-737 (Fig. 6D , and Supporting Information Movie 5). In contrast, B cell depolarized very fast after exposure to 10 and 50 μM ABT-737 and also showed some depolarization at 1 μM (Fig. 6D and E) . These findings indicate that the balance between pro-and anti-apoptotic proteins in CMs is highly in favor of anti-apoptotic factors and can help to explain why CMs are resistant to cytotoxic T lymphocyte-induced cell death.
Discussion
In the present study, we used two-photon microscopy to visualize the interactions of graft-specific CTLs with cardiomyocytes following heart transplantation. We found that CTLs could migrate on cardiomyocytes, establish cell-to-cell contacts but failed to lyse cardiomyocytes. Furthermore www.eji-journal.eu and found that cardiomyocytes in the intact heart muscle show a low tendency to undergo apoptosis.
In the first 5 days after transplantation, we observe early inflammatory lesions mainly close to the epicardium. These sites of graft-specific T cells and myeloid cell infiltration resemble socalled endocardial "Quilty" lesion found in humans heart grafts [11] . Notably, human heart grafts are screened by endocardial biopsy, and thus early lesion at the epicardial surface of the graft cannot be detected easily.
Heart graft rejection can be triggered by a full mismatch of MHC between donor and recipient. In that setup, the foreign MHC molecules can trigger a robust and rapid cell-mediated rejection within 7-9 days of transplantation [21] . In the present study we used a minor MHC-mismatch heart transplantation model to investigate how graft-specific CTLs interact with and kill CMs. Interestingly, the overall rejection kinetics are rather similar in our minor-mismatch model, when compared to the full-MHC mismatch setup reported by others [22] . For example, bioluminescence imaging of heart grafts expressing luciferase in cardiomyocytes revealed loss of graft-derived signals between 4 and 7 days after full-MHC mismatch transplantation [22] . Together with our observation of limited inflammatory cell infiltration during the first 2-7 days after transplantation, these data indicate that limited numbers of activated immune cells within the parenchyma are probably not responsible for transplanted organ dysfunction. Interestingly, fully MHC-mismatched heart graft rejection was observed in perforin-deficient recipients [23] suggesting that classical perforin-mediated killing by CTLs is seemingly also not important in the rejection of mismatched grafts. This finding fits well with our observation that CTLs are not able to kill cardiomyocytes in a cell-contact dependent manner and argues that other processes such as cytokine-mediated inflammatory responses or hypoxic events in the graft essentially contribute the rejection of the transplanted organ.
Prolonged antigen stimulation or antigen persistence is thought to be a key contributing factor for induction of exhaustion, and has been initially observed in chronic infections or during cancer progression. In these diseases, T-cell exhaustion is caused by high antigenic load and antigen persistence but this is also the case following organ transplantation [24] . Exhaustive differentiation of alloreactive CD8 + T cells exhibiting hypo-responsiveness to donor alloantigens might also be beneficial for transplantation success [25] or for successful engraftment of stem cell-derived cellular therapies. In the present study, we observed the highest level of the inhibitory receptor PD-1 on antigen-specific CD8 + T cells residing in the transplanted heart. Notably, the graft itself also expressed PD-L1, the ligand for PD-1. Expression of PD-1, together with the observed reduced expression of TNF-α but still intact IFN-γ expression is considered to represent an early phase of the hierarchical stages leading to T-cell exhaustion [16] . Furthermore, following isolation these CTLs were also impaired to kill target cells, and failed to upregulate CD69 expression while interacting with their targets. In vivo, exhausted T cells were not only impaired in killing of CMs but were also highly motile and showed nonconfined migration toward their targets. Thus, graft-specific effector CD8 + T cells, positioned in the graft, show a general impairment of the T-cell receptor triggered activation program, consistent with efficient negative regulation mediated by PD-1. Although improved killing of CMs was observed following viral immunization, the median CTL-mediated killing rate of CMs was extremely low. This is a rather unexpected finding since it is generally assumed that CTLs can swiftly kill target cells in vitro or in vivo [18, 26] . However, the high killing rates reported in those studies (approx. 100 to > 1000 targets killed/T cell/24 h) [27] were calculated based on the killing of B cells loaded with specific peptide, and thus could be due to the high levels of peptide-loaded MHC-I molecules present on the surface of the target cells. Testing this hypothesis by using B cells from OVA mice, we found that the killing rate of B cells is still 33-fold higher than that of CMs determined under the same experimental in vivo conditions. These findings suggest that CMs are highly resistant to T-cell-mediated apoptosis.
CTLs activate the intrinsic apoptotic pathway by granzymes that are deposited on and then internalized by the target cells during a perforin-induced membrane repair response [28] . The key initiation step of the intrinsic apoptotic pathway, the mitochondrial outer membrane permeabilization, MOMP, is under the control of Bcl-2 family proteins [29] . Anti-apoptotic proteins including Bcl-2, Bcl-xL, and Mcl-1, bind to and sequester activator proteins thereby preventing activation of the pore-forming proteins Bax and Bak. Thus the balance of pro-and anti-apoptotic proteins at the mitochondria determines the intrinsic potential of cells toward apoptosis, a situation that has been denoted as mitochondrial priming [7] . The pro-apoptotic BH3 mimetic drug ABT-737 binds at nanomolar concentrations to anti-apoptotic Bcl-2 family members and thereby releases pro-apoptotic activator proteins that can activate Bax and Bak to form pores leading www.eji-journal.eu to MOMP and changes of the mitochondrial membrane potential [30] .
Previous approaches determining mitochondrial priming required cell isolation that could destroy cell integrity and induce stress [30, 31] . In the present study, we established a novel TPMbased assay to determine the state of mitochondrial priming of CMs in situ. Using intact myocardium instead of isolated CMs allowed us to measure mitochondrial priming in more physiological conditions with minimal stress and damage to CMs. Furthermore, this method allowed us to detect mitochondrial priming with cells that cannot be isolated or are sensitive to physical and chemical damage during isolation. In this assay described here, CMs hardly showed any changes in the mitochondrial potential even at highest concentrations of the pro-apoptotic BH3 mimetic ABT-737, while B cells rapidly lost mitochondrial membrane potential. Thus, the relative mitochondrial priming of CMs and B cells is paralleled by their different response to the cytotoxicity of effector T cells. CMs have been shown to possess low levels of caspases after birth [32] , display low-level expression of apoptotic protease activating factor 1 (Apaf1) but high levels of X-linked inhibitor of apoptosis protein (XIAP) [33, 34] . These findings clearly indicate that several mechanisms are in place to protect CMs from induced cell death. Altogether, it seems to be advantageous for an organ of vital importance and limited capacity for regeneration and repair to possess several mechanisms to counteract apoptotic signals.
Taken together, direct visualization of effector CD8 + T-cell migration in heart grafts during rejection revealed that single CTLs cannot rapidly lyse cardiomyocytes. CTLs were able to sense antigen in the heart grafts, and showed a dramatic exhaustion phenotype within 7 days of transplantation. Furthermore, cardiomyocytes showed a low probability to undergo pro-apoptotic signaling, suggesting that they are not easy targets for CTLmediated killing. Thus, heart graft rejection might only be mediated by direct CTL-mediated killing of cardiomyocytes when extremely high densities of CTLs are present, when the antigenic stimulus is very strong, or when the tendency to undergo exhaustive differentiation is blocked in graft-attacking T cells. Therefore, CTL-mediated damage of graft endothelial cells and inflammationmediated secondary damaging effects might be chiefly responsible for heart graft malfunction during rejection.
Materials and methods
Mice
Mice were bred at the central animal facility of Hannover Medical School. The following mouse strains were used: C57BL/6N, OT-1 CD45.1 + mice (derived from C57BL/6-Tg(TcraTcrb)1100Mjb/J),
OT-2 mice: B6.Cg-Tg(TcraTcrb)425Cbn/J, C57BL/6-Tg(CAG-OVA)916Jen/J expressing membrane-bound chicken ovalbumin under control of the beta actin promoter (OVA mice) [9, 10] , F1-cross between OVA and C57BL/6-Tg(CAG-ECFP) (CFP; named CFP-OVA mice), F1-cross between OT-1 CD45.1 + , and C57BL/ 6-Tg(CAG-EGFP) (named GFP-OT-1 mice), B-cell deficient mice: B6.129S2-Ighmtm1Cgn/J (μMT). All animal experiments were conducted in accordance with the local animal welfare regulations.
T-cell transfers
Cells for transfer were harvested from lymph nodes and spleens to enrich to a purity >90% using MACS CD8 + or CD4 + T-cell negative selection kit. Recipient mice were intravenously (i.v.) transferred with 1-2 × 10 6 cells of one or each cell population.
Murine heart transplantation
Mice were anesthetized by intraperitoneal injection of 50 mg/kg ketamine and 10 mg/kg Xylazine (Bayer) in PBS buffer. Heterotopic HTx was performed as described earlier [35] .
Modified Vaccinia virus Ankara (MVA) strains and immunization
To activate OT-1 T cells, 10 6 PFU MVA-OVA or MVA were given i.p. following T cells transfer. Alternatively, 5 mg OVA plus 50 μg poly(I:C) (both Sigma-Aldrich) was injected i.p. at day 1 following OVA-heart transplantation.
Organ preparation
For histology, tissue was either fixed in 2% paraformaldehyde, or fixed in ice-cold acetone. Graft-infiltrating cells were obtained by mechanical disruption of heart grafts followed by incubation with Collagenase D and DNase I (Roche) as described [36] . To detect intracellular cytokines, cells were restimulated with 50 ng/mL PMA (Calbiochem, Darmstadt, Germany) and 2 μg/mL ionomycin (Invitrogen) for 1 h, followed by further 3-h incubation in the presence of 1 μg/mL brefeldin A (SigmaAldrich). For intracellular staining, cells were fixed and permeabilized using the BD Biosciences cytofix/cytoperm reagents. The following antibodies and reagents were used: CD11b-PE (M1/70), CD11c-APC (N418), CD8-beta-Cy5 (RMCD8-2), CD8-alphaPerCP-Cy5.5 (53-6. 
Analysis of apoptosis
Heart tissue was fixed in 4% formalin, and the TUNEL assay was performed as previously described [37] . Apoptotic nuclei were detected by TUNEL and by nuclear morphology using DAPI staining (Sigma) [38] . In addition, sections were counter-stained with wheat germ agglutinin (Lectin from Triticum vulgaris, Sigma) or isolectin B4 (Life Technologies) to confirm apoptotic nuclei of CMs. 4-6 TUNEL-stained sections from each heart were used to assess the frequency of TUNEL/DAPI positive nuclei. 
In vitro killing assay
Two-photon microscopy
Explanted heart grafts were gently cut into small pieces by a fine blade. The apex of the heart and the anterosuperior right ventricular wall were placed in a custom-built incubation chamber using tissue adhesive (Surgibond) and superfused with oxygenated (95% O 2 /5% CO 2 ) RPMI 1640 medium (Invitrogen) containing 5 g/l glucose (Sigma-Aldrich) as described earlier [15] .
The temperature was monitored and maintained manually at 37°C. TPM was performed using an Olympus BX51 upright microscope equipped with a 20 × 0.95 NA water immersion objective (Olympus) and a MaiTai Ti:Sapphire laser (Spectra-Physics) tuned to 920 nm for excitation of GFP and CFP. To generate time-lapse series, Z-stacks of up to 15-22 images were acquired every 20-60 s. From explanted grafts usually one long movie (60-150 min) was recorded to assess the killing capacity of CTLs and one or more short movies (20-30 min) were recorded to determine CTL migration behavior. Furthermore 3D, snapshots were collected to determine the cardiomyocyte volume within a standard imaging volume (usually, 400 μm × 400 μm × 80 μm). Imaris 7.5-7.6 (Bitplane) was used for image analysis and automated tracking of cells. The accuracy of the automated tracking was manually controlled.
Isolation of cardiomyocytes
Adult mouse ventricular CMs were isolated from 8 to 12 week old C57BL/6N mice as described [39] . Briefly, the excised heart was perfused in a Langendorff system and digested with trypsin and liberase DH (Roche). The isolated CMs were subsequently subjected to a recalcification procedure and seeded on laminincoated coverslips. 
Visualization of mitochondria
Mitochondrial priming
B cells and small intact heart tissue were stained at 37°C for 30 min with 2 μM JC-1 (Life Technologies) in DTEB buffer (135 mM trehalose, 50 mM KCl, 20 μM EDTA, 20 μM EGTA, 0.1% BSA, 5 mM succinate, 10 mM HEPES-KOH, pH 7.5) [30] . 10 5 labeled B cells in 50 μL were added to 50 μL of 100 μM or 20 μM or 2 μM ABT-737 (Biozol) in DTEB buffer preloaded on a 96-well plate as previously described [8] . Mitochondrial potential was measured by JC-1 red fluorescence emission intensity (545 ±9 nm excitation and 590 ± 20 nm emission) during 1 h of incubation at 37°C with measurements obtained every 5 min (Tecan infinite M200 plate reader). As controls, DMSO (negative control) and FCCP (Sigma, 20 μM; positive control) were added instead of ABT-737. JC-1-labeled heart tissue were placed in a small chamber maintained at 37°C containing ABT-737 in DTEB buffer, and images were taken every 5 min over 1 h by TPM. JC-1 www.eji-journal.eu fluorescence intensity of CMs was measured by Fiji software using the integrated density parameter and the values were normalized to 100 at 0 min. The following equation was used to calculate percent depolarization at 60 min: Depolarization = 1 -((Sample -FCCP)/(DMSO -FCCP)) as described [30] . Mean and standard deviation (SD) or median and interquantile range (IQR) are used to indicate data spread, as described in the figure legends.
